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ABSTRACT 
Interferometric  and  photometric  measurements  have  been  made  on  replicating  embryo 
mouse cell cultures. From a study of the relations between successive physical measurements 
on individual cells, it was found that the net syntheses of DNA, nuclear RNA, nuclear pro- 
tein,  and  cytoplasmic  RNA  are  closely associated  during  interphase.  In  auxiliary  experi- 
ments, an inhibition of the onset of DNA synthesis (produced by a dose of X-rays) was found 
to block the majority of the accumulation of nuclear protein  and  nuclear RNA. ~hese re- 
sults are consistent with others previously reported in dividing cell cultures freshly prepared 
from normal tissues. 
INTRODUCTION 
In earlier papers  (Seed,  1961,  1962,  1963,  1966 a), 
the  investigation of the  syntheses  of DNA,  RNA, 
and  nuclear  protein  in  replicating  animal  cell 
cultures  has  been  described.  The  present  experi- 
ments  with  freshly  prepared  embryo  mouse  cell 
cultures had three aims: 
I.  To  investigate  the  relations  between  net 
DNA, RNA, and  protein syntheses during 
interphase  in  the  nuclei  of  replicating 
cells,  by  making  correlation  plots  of suc- 
cessive physical measurements on the same 
individual cells. 
2.  To investigate the relationship between DNA 
synthesis  and  the  net  synthesis  of  cyto- 
plasmic RNA during interphase. 
3.  To  prevent  the  initiation  of DNA  synthesis 
by  administering  a  dose  of X-irradiation 
to  a  replicating  cell culture,  and  then  to 
measure  the  amounts  by  which  nuclear 
protein  and  nuclear  RNA  had  increased 
after  one  interphase  time.  In  this  way  it 
was  planned  to elucidate further  the rela- 
tions  between  DNA,  RNA,  and  nuclear 
protein  syntheses  within  the  replicating 
cell. 
EXPERIMENTAL  PROCEDURE 
Fresh  embryo  mouse  cells were  cultured  on  quartz 
cover slips  as previously described  (Seed,  1962,  1966 
a):  Eagle's  medium  (Eagle,  1959),  supplemented 
with  0.25%  lactalbumin  hydrolysate,  and  20%  bo- 
vine serum  were used  for  growing  the  cells.  14-day 
embryos were used for the cultures. 
In preliminary  experiments,  where irradiated  cell 
cultures  were followed for  extended  periods  by  low- 
power  time-lapse  photography,  it  had  been  found 
that  a  single X-ray dose of 1250  R  was sufficient to 
abolish mitosis for approximately one interphase time, 
and  that  there was  no cell death  during  this period. 
Accordingly, at  the start  of the present  experiments, 
six cultures  were  each  irradiated  with  1250  R  (3~ 
rain  each);  the  cultures  were then  reincubated  and 
were subsequently fixed at times up to 14 hr after the 
time of irradiation.  (All cultures  were rinsed  briefly 
in warm saline before fixing in methanol.) 
249 Two  unirradiated  (control) cultures were fixed at 
the beginning and two at the end of the experiment 
when the last irradiated culture was fixed.  Over the 
time period of the experiment, an additional control 
culture was filmed by low-power time-lapse cinepho- 
tomicrography and,  from subsequent examination of 
this film, the intermitotic time of the cells (690 rain) 
was found. 
Measurements are given below on a control culture 
fixed  at  the  end  of the experiment,  and on  two  ir- 
radiated cultures fixed 540 and 730 min, respectively, 
after  irradiation.  Additional  measurements,  not 
shown, were made on a control culture fixed at the be- 
ginning of the experiment,  in order to  confirm that 
the nuclear dry mass per cell remained constant over 
the time period of the experiment. 
Physical Measurements 
Before making  the  physical  measurements on the 
individual  cells,  low  molecular  weight  compounds 
were  first  extracted  from  the  cultures  in  1%  PCA 
(perchloric  acid)  at  4°C  for  30  min.  Four  types  of 
measurements  were  made:  total  UV  absorption  at 
2536 A  (total  cell nucleic acid), nuclear UV absorp- 
tion  at  2536  A  (nuclear  nucleic  acid,  constituting 
roughly ~  RNA  and the remainder DNA),  nuclear 
dry mass  (__~ 5/6 nuclear protein), and Feulgen stain 
(DNA)  (see  Seed,  1966 a).  Cytoplasmic RNA values 
were obtained by subtracting nuclear UV absorption 
from total UV absorption. The  excess  nucleolar ab- 
sorption was not included in the nuclear UV and dry 
mass measurements.  (See Seed,  1966 a.) 
The  measurements shown in Figs.  1 to  6  are  ex- 
pressed  in  arbitrary  units of nucleic  acid  and sepa- 
rately of dry mass: 1 nucleic acid unit __~ 6.3  X  10 -18 
g, and 1 dry mass unit ~  1.6 X  10  -12 g. 
RESULTS 
Control Cells 
NUCLEAR  METABOLISM:  It  Was  previously 
shown  (Seed,  1962,  1963)  that,  the  form  of  the 
time synthesis curve  for  DNA  being known, it is 
possible  to  follow  the  progress  of the  interphase 
growth  of  nuclear  dry  mass  by  plotting  the 
measurements for individual cells against the cor- 
responding  values  of Feulgen  DNA  and  nuclear 
nucleic acid  (RNA  +  DNA)  for the same cells. 
In Fig.  1, it is seen that the nuclear nucleic acid 
and  nuclear  dry  mass  measurements  made  on 
the same  individual cells  are  approximately  pro- 
portional during interphase, and that the Feulgen 
DNA  and  nuclear  dry  mass  values  are  similarly 
proportional.  A  least  squares  analysis  gives  the 
high  correlation  of  r  =  0.900  between  nuclear 
nucleic acid and dry mass,  and a  similar correla- 
tion  of r  =  0.869  between DNA  and  dry  mass. 
The  application  of  Fisher's  z-transformation 
(Fisher,  1936; Fisher and Yates,  1948)  shows that 
there is no significant difference between the cor- 
relations,  giving t  =  1.05,  which  does  not  reach 
the  value  to  be  attained  at  the  P  =  0.05  level 
(t  =  1.97),  nor at theP  =  0.1  level  (t  =  1.65), 
but  merely  equals  that  at  the  P  =  0.3  level  (t 
=  1.04). 
From  the  similarity  of  these  high  correlations 
between the physical measurements on individual 
ceils at the various stages of interphase, it is con- 
cluded that the syntheses of all three components, 
DNA,  RNA,  and protein, are closely associated in 
interphase in the nuclei of freshly prepared  repli- 
cating embryo mouse cells. This result is in accord 
with  others  previously  reported,  both  from  cor- 
relation methods  and  by  time-lapse photography 
with  freshly  prepared  normal  cells  (Seed,  1962, 
1963). 
CYTOPLASMIC  RNA:  It  was  extremely  diffi- 
cult to  measure  total cell  nucleic  acid  (and  thus 
cytoplasmic RNA)  in this cell type because of the 
great  propensity  for  cytoplasmic  overlapping  be- 
tween neighboring cells. Of the 112 cells, in Fig.  1, 
on  which  nuclear  measurements  were  made,  it 
was  possible to  make  measurements  of total  UV 
absorption  on  only  35  cells. 
The synthesis of cytoplasmic RNA during inter- 
phase was followed by a  method analogous to that 
used  for  nuclear  dry  mass:  DNA  and  nuclear 
nucleic acid  values for individual cells were each 
plotted separately against the corresponding total 
cell nucleic acid values and the correlations were 
compared.  As before  (Seed  1966 a),  total  nucleic 
acid  rather  than  cytoplasmic  RNA  was  plotted 
because the latter is obtained by subtraction and 
its use entails the combination of two errors (DNA 
and  nuclear  nucleic  acid  comprise  --~  ~  and 
--~ ~6,  respectively,  of total nucleic acid). 
Now if, in embryo mouse cells,  the synthesis of 
cytoplasmic  RNA  were  independent  from  the 
synthesis of DNA,  one would not expect to find a 
high  correlation  between  total  cell  nucleic  acid 
and DNA content,  because DNA  comprises only 
~_  2/6  of  the  total  nucleic  acid.  Nevertheless, 
in  a  cell  engaged  in RNA  synthesis, it would  be 
reasonable  to  expect  a  measure  of  correlation 
between the quantities of nuclear RNA and cylo- 
plasmic RNA, because the synthesis of cytoplasmic 
RNA  appears to  occur in the nucleus  (from pre- 
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FIOUEE 1  Feulgen stain (DNA)  and nuclear ultraviolet absorption (at ~586  A, nuclear RNA q- DNA) 
measurements plotted against the corresponding nuclear dry mass values for replicating embryo mouse 
ceils.  All quantities are  expressed in arbitrary units 
cursor  migration  experiments  and  experiments 
with  Actinomycin  D  (Seed,  unpublished  experi- 
ments). Therefore, if the growth of the cytoplasmic 
RNA is not associated with DNA replication, one 
would expect to find a  higher correlation between 
nuclear  nucleic  acid  and  total  cell  nucleic  acid 
than between DNA and total cell nucleic acid. 
In reference to Fig.  2,  the nuclear nucleic acid 
and  DNA  are  each  roughly  proportional  to  the 
total cell nucleic  acid,  with a  correlation  of r  = 
0.839  between  nuclear  nucleic  acid  and  total 
nucleic  acid  and  a  correlation  of r  =  0.844  be- 
tween DNA and total nucleic acid; Fisher's z-trans- 
formation  (Fisher,  1936;  Fisher and Yates,  1948) 
gives t  =  0.071, which does not reach the value to 
be attained at the P  =  0.05 level (t  =  2.00),  nor 
that to be attained at the P  =  0.5 level (t  =  0.68) : 
there is no significant difference between the two 
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squares  analysis  of the plots  of cytoplasmic RNA 
values  against  DNA  values  and  of  cytoplasmic 
RNA  values  against  nuclear  nucleic  acid  values 
gives  correlations  of r  =  0.741  and  r  =  0.715, 
respectively:  there  is  no  significant  difference 
between  these  correlations  (t  =  0.228).  Because 
these cytoplasmic RNA values combine the errors 
of two  measurements  (see  above),  it  is  more  ac- 
curate to test the total nucleic acid correlations as 
in Fig. 2. 
Irradiation Experiments Blocking 
DNA Synthesis 
In the preceding section, a  study has  been  pre- 
sented  of the relations between successive physical 
measurements  on  the  one  population  of  control 
cells;  in  the  following  section  we  shall  compare 
irradiated  with control  cell populations. 
The DNA and  nuclear  nucleic  acid  values are 
25  !  I  I 
40  80  120 
TOTAL  CELLULAR  NUCLEIC ACID  20 
FIGUR]~ ~  Feulgen  stain  (DNA)  and  nuclear  ultra- 
violet absorption  (at  ~536 A, nuclear RNA d- DNA)  <7  15 
measurements  plotted against  the corresponding total  c~ 
z  laJ  cell ultraviolet absorptions  (at  ~586 A, total  cell nu-  ~  IO 
cleic acid)  for  replicating embryo  mouse  cells.  There  D 
are 85 cells on the plot, measurable out of the 11~ cells  "~ 
in the population in Fig. 1.  5 
correlations.  Although  there  are  fewer  measure-  O 
ments  in  Fig.  2  than  in  previous  experiments, 
this  result  is in  agreement with that  obtained  for  40 
fresh  embryo  human  and  monkey  kidney  cells 
(Seed,  1966 a).  c~  u 
From  the  similarity  of  the  high  correlations  <  30 
U 
between  the  physical  measurements,  it  is  con-  ~, 
eluded that the net syntheses of cytoplasmic RNA 
and  of  DNA  are  closely  associated  during  the  z  20 
interphase  of  replicating  embryo  mouse  cells.  "~ 
Supplementary evidence for this is afforded by the  ~  IO 
similarity of the ratios of cytoplasmic RNA/DNA  z 
at  the  2m-DNA  and  4m-DNA  levels  (3.06  and 
3.1 I, respectively, from Fig. 6), a result that would 
not  be  obtained  if a  major  component  of  cyto- 
plasmic  RNA  accumulated  independently  from 
DNA  replication  (see  Fig.  1  in  the  preceding 
paper). 
After  subtraction  of  the  nuclear  nucleic  acid 
values from the  total  nucleic  acid  values,  a  least 
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FIanCE  3  Feulgen  stain  (DNA)  and  nuclear  ultra- 
violet absorption  (at  ~586 A, nuclear RNA -F DNA) 
measurements plotted against the corresponding nuclear 
dry mass values for embryo mouse cells fixed 540 min 
after X-irradiation with 1~50 tt (I1). 
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Distributions  of Feulgen stain  (DNA)  and  nuclear dry mass  measurements  on individual 
embryo mouse cells,  intermitotie time 690 rain.  At the right of the figure  are plotted the nuclear dry 
mass/DNA ratios for controls and for cells having DNA synthesis blocked since the time of irradiation: 
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1~50 R; upper section, I2 cells fixed 780 rain after X-irradiation with 1~50 R  (from Fig. 8) All quantities 
are expressed in arbitrary units. Cells in mitosis and polyploid cells are not included in the measurements, 
but the numbers  of such cells  found among those measured are given above the dry mass  distribution 
for each culture. 
plotted  in  Fig.  3,  against  the  corresponding  nu- 
clear  dry  mass  values  for  cells  in  an  irradiated 
culture  (I1)  fixed  540  min  after  irradiation.  The 
distributions  of values of DNA, nuclear dry mass, 
and nuclear nucleic acid for control and irradiated 
cultures  are  plotted  in  Figs.  4  and  5. 
DNA  SYNTHESIS:  The  distribution of  Feul- 
gen-stain  values  for  the  control  culture  (Fig.  4) 
shows a well defined group at the 2m-DNA (post- 
telophase)  level and  a  less well defined  group  at 
the 4m-DNA (preprophase)  level, together with a 
number  of  intermediate  synthesizing  cells.  The 
cells in the 2m and  4m groups  are in the presyn- 
thetic and postsynthetic delay periods. 
In the irradiated cultures (Fig. 4) there is a large 
accumulation of DNA values at the 4m level, with 
relatively few cells in synthesis.  This is in accord- 
ance with  work previously quoted  on the lack of 
effect  of  radiation  (1250  R)  on  DNA  synthesis 
already in progress (Kelly et al.,  1957; Caspersson 
et  al.,  1958;  Dickson  et  al.,  1958;  Painter  and 
Robertson,  1959;  Yamada  and  Puck,  1961;  Seed, 
1961);  cells irradiated  in DNA synthesis go on to 
complete  the  cycle  but  are  prevented  from 
progressing  further  by  the  radiation  block  in 
mitosis.  In  the  present  case,  some  cells  also  re- 
main  at  the  2m-DNA  level  (Holmes  and  Mee, 
1955;  Kelly  et  al.,  1955;  Lajtha  et  al.,  1958; 
Howard and Pelc,  1953; Pelc and Howard,  1955). 
NUCLEAR  DRY  MASS:  A  general  shift  to 
higher  dry  mass  values  was  apparent  in  the  ir- 
radiated  culture  (Fig. 4),  in the same way as was 
described previously (Seed, 1966 a). There are two 
classes of cells from which useful information can 
be gained: those in which DNA synthesis has been 
blocked  at  the  4m-DNA  and  at  the  2m-DNA 
levels, respectively,  since  the  time  of irradiation. 
In the control culture, out of a total of 112 cells, 
there are 34 cells with DNA contents at about the 
4m  value.  ~herefore,  in  the  irradiated  culture 
I1, out of a  total of 118 cells, there will be a num- 
ber  34/112  X  118  _  36  of  ceils  in  which  the 
initiation  of DNA  synthesis  has  been  prevented 
since  the  time  of  irradiation  (540  rain),  mitosis 
having  been  abolished.  Similar  considerations 
apply  to  the  34/112  ×  105  ~  32  cells out  of a 
JoRz~ SEED  Fresh Embryo Mouse Cells  253 total  of  105  cells  in  the  irradiated  culture  I2 
(730 min). 
In order to identify these cells in the dry mass 
and DNA distributions  of the irradiated  cultures, 
it has been  assumed  that  they will have increased 
most in nuclear dry mass:  therefore,  distributions 
of values, containing 36 and  32 cells, respectively, 
have been drawn in the right ends of the dry mass 
distributions  of the  irradiated  cultures  I,  and  I2 
shown  in  Fig.  4.  As  before,  (Seed,  1966  a),  in 
constructing  these  distributions,  the  attempt  has 
been made to include as many high values as pos- 
sible,  consistent  with  maintaining  a  general  re- 
semblance  in  shape  to  the  dry  mass  distribution 
for  the  4m-DNA  cells  in  the  control  cuhure 
(shaded by vertical lines in Fig. 4).  For this reason 
the dry mass increases observed will tend to repre- 
sent  a  maximum  value for  the fraction  of nuclear 
dry mass  synthesis dissociated from DNA replica- 
tion:  this is clear from inspection of Fig.  4  where 
the distributions  are shaded vertically, along with 
the  corresponding  DNA values for  the  cells. 
The  ratios  of nuclear dry mass/DNA  for these 
4m-DNA cells  are plotted  at  the  right  of Fig.  4, 
where they are compared  with the corresponding 
ratios for the 4m-DNA cells in the control culture: 
the  mean  ratios,  in  arbitrary  units,  and  the 
amounts of increase (in parentheses)  relative to the 
controls as  1.00 are indicated by arrows. 
It  is  seen  that,  relative to  the controls,  the  ir- 
radiated  groups of cells under  consideration have 
increased in nuclear dry mass by 0.30 in 540 min 
(I1)  and by 0.34 to 0.36 in  730 min  (I2).  ~[he two 
ratios for I2 arise because it is necessary to make a 
correction for the  presence in  the  I~ culture  of  1 
mitosis and  5  extra polyploid cells (over the con- 
trol  culture).  If these  6  cells  escaping  the  DNA 
block have come from the group of 36 cells blocked 
at the 4m-DNA level since the time of irradiation, 
then we must take a  dry mass distribution of only 
30  cells to determine  the mean  nuclear dry mass 
increase  (0.36):  on  the  other  hand,  if the 6  cells 
have not come from this group, then no correction 
is  necessary  (0.34).  Although  we  do  not  know 
which is the case, the consequent ambiguity in the 
result  is  a  small  one.  In  the  time-lapse  films  of 
irradiated  embryo  mouse  cultures,  it  was  found 
that  mitosis  began  sporadically  at  about  one 
interphase  time  after  irradiation:  divided  cells 
could  be  recognized  as  such  for  some  time  after 
mitosis,  and  it  is  not  possible  that  numbers  of 
cells could  have  "leaked"  past  the  mitotic  block 
in  I~  without  being  noticed.  In  the  irradiated 
culture  I1 there was a  rounded  cell not positively 
identified as a mitosis: this cell has been ignored. 
Assuming a  constant rate of increase of nuclear 
dry mass,  the increases observed for the I1 and  I.o 
cultures, weighted for the numbers of cells in each 
group, give a mean increase of 0.36 in nuclear  dry 
mass  in  690  min,  one interphase  time.  This  cor- 
responds to an increase of 0.40 in nuclear protein, 
allowing  for  the  contribution  from  nucleic  acid. 
There  are  relatively few  cells  (12  and  17,  re- 
spectively) remaining at the 2m-DNA level in the 
I1  and  I2  cultures  since  the  time  of  irradiation, 
although  it  is  clear  from  Fig.  4  that  some  cells 
have recently left this block and are now in DNA 
synthesis.  The  nuclear  dry  mass/DNA  ratios  for 
these  2m-DNA cells, with  the comparison  values 
for  the  2m-DNA  control  cells, are plotted  at  the 
right  of  Fig.  4  along with  the  mean  ratios  and 
amounts of increase indicated by arrows.  It is seen 
that,  relative  to  the  controls,  these  cells  have 
increased  in  nuclear  dry  mass  by  0.06  and  0.15 
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FIGURE  5  Distributions  of  nuclear  ultraviolet 
,  ,  absorption  (at  ~536 A, nuclear  RNA  d-  DNA) 
measurements  oil  embryo  mouse  cells.  At  the 
i.52 ([.0(3)  right of the figure are plotted the nuclear nucleic 
acid/DNA ratios for controls and for cells having 
DNA  blocked since the time of irradia-  synthesis 
'  "  ,  tion: -,  cells with ~m-DNA values; liH, cells with 
4m-DNA values.  Lower section,  C  control cells; 
upper section, I1 cells fixed 540 min after X-irradia- 
tion with 1~50 R. 
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cytoplasmic ultraviolet absorption  (eytoplasinie RNA) 
on individual replicating embryo mouse cells. The cyto- 
plasmic  RNA/DNA  ratios  for  cells  with  ~In-DNA 
values (-=)  and for cells with 4m-DNA values ([[[D are 
plotted at the top of the figure. 
since the time of irradiation and in the absence o1 
DNA  synthesis.  Correcting  for  the  presence  of 
nuclear nucleic acid, this gives an increase of 0.13 
in nuclear protein in one interphase time. Because 
of the  relatively small  number  of cells remaining 
at  the  2m-DNA  level  in  this  experiment,  these 
values  are  not  so  accurate  as  the  corresponding 
ones at the 4m-DNA level. 
NUCLEAR  NUCLEIC  ACID:  We  can  make 
useful  conclusions  from  the  same  two  classes  of 
cells used  in  the dry  mass  distributions  above. 
Out  of  a  total  of  118  cells  in  the  irradiated 
culture  I1,  there  will  be  34/112  X  118  ~  36 
cells in which DNA synthesis has been blocked at 
the  4m-DNA level since  the  time  of irradiation: 
these cells correspond  to  the  34  cells at  the  4m- 
DNA  level  in  the  control  culture.  Now,  in  the 
plots of the measurements on the irradiated culture 
I1 (Fig. 3), there is an approximate relation at the 
4m-DNA  level  between  the  increase  in  nuclear 
dry  mass  and  that  in  nuclear  nucleic  acid 
within a  cell; it is therefore valid to draw,  in Fig. 
5, a  distribution of the same 36 cells as were used 
in  the dry  mass  distribution  in  Fig.  4.  In  Fig.  5 
the  nuclear  nucleic  acid/DNA  ratios  are  also 
plotted, showing a  mean increase (in parentheses) 
of 0.05 over the control ratios in 540 rain : this cor- 
responds  to  an  increase  of 0.06  in  690  rain,  one 
interphase  time,  when  DNA synthesis  is  blocked 
at  the  4m-DNA  level. 
In  the  12  cells  in  which  DNA  synthesis  has 
remained  blocked  at  the  2m-DNA  level  in  the 
irradiated  culture  I1,  the  mean  nuclear  nucleic 
acid/DNA  ratio  has  increased  by  0.01  over  the 
control in 540 rain. 
If, in  the irradiated  culture,  the nuclear RNA 
has  increased  in  proportion  to  the  nuclear  pro- 
tein,  one would expect the increase  of 0.4 in nu- 
clear protein  at  the 4m-DNA level to be  accom- 
panied  by  a  corresponding  increase  of  _~  0.4  X 
2/~  =  0.16  in nuclear nucleic acid.  The observed 
increase  (0.06)  is  not  significantly  different 
(-4-0.07)  from  that  predicted. 
CYTOPLASMIC  RNA:  NO  measurements  of 
total cell RNA were made on the irradiated  em- 
bryo  mouse  cultures  because  of  the  difficulties 
caused  by frequent overlapping of cells. The  dis- 
tributions  of cytoplasmic  RNA and  DNA values 
of  measurable  cells  in  the  control  culture  are 
shown in Fig. 6. 
DISCUSSION 
The  evidence here  presented  from  the  measure- 
mcnts  on  a  population  of  replicating  embryo 
mouse cells shows that the net syntheses of DNA, 
nuclear protein, nuclear RNA (in the chromatin), 
and  cytoplasmic RNA are closely associated dur- 
ing  interphase.  The  results  agree  with  other  ex- 
periments  previously reported  (Seed,  1961,  1962, 
1963)  on cells freshly derived from normal tissues. 
The  experiments  with  radiation  constitute  a 
different  method  which  achieves  the  same  end: 
by preventing the initiation  of DNA synthesis it is 
shown  that  the  majority  of the  accumulation  of 
protein  and  RNA  in  the  nucleus  is  associated 
with that  event.  A  block in DNA synthesis at the 
2m  level for  one  interphase  time  resulted  in  an 
increase of 0.13 in nuclear protein and no increase 
in nuclear nucleic acid : a similar block at the 4m- 
DNA level resulted in increases of 0.40 in nuclear 
protein  and  0.06  in  nuclear  nucleic  acid. 
These  experiments  are  discussed  along  with 
others  (Seed,  1966 a,  b)  in a  later paper (1966  c). 
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